ABSTRACT Studies on mammals and poultry showed that maternal dietary treatments can alter the offspring performance. However, in contrast to rodent studies, little is known about multigenerational dietary manipulations in broiler breeders. The presented research aimed to investigate the effects of a reduction of 25% in the dietary crude protein (CP) level in the F0 generation on the body composition and reproductive performance of F1 broiler breeders. In the F0 generation, breeders were fed either a control (C) or reduced balanced protein (RP) diet, 25% reduction in crude protein and amino acids. Female F0-progeny of each treatment were fed a C or RP diet, resulting in 4 treatments in the F1 breeder generation: C/C, C/RP, RP/C, and RP/RP. The reproductive performance of breeders fed RP diets was negatively influenced by the dietary CP reduction in the F1 generation (P < 0.001). Moreover, breeders descending from hens that received RP diets in the F0 generation showed a significantly reduced reproductive capacity compared to their control fed counterparts (P < 0.001). Breeders fed RP diets in the F1 generation were characterized by higher plasma T 3 concentrations (P < 0.001), an increased proportional abdominal fat pad (P < 0.001) and proportional liver weight (P < 0.001). During the rearing phase, the RP fed breeders needed a higher feed allowance, whereas no differences could be observed between the C/C and RP/C or the C/RP and RP/RP breeders. However, breeders originating from birds fed RP diets in the F0 generation needed lower feed allocations in the laying phase to maintain a similar body weight. Egg weight was reduced for the C/RP and RP/RP breeders. At 34 wk of age, eggs from C/RP and RP/RP breeders showed a reduced proportional albumen weight, whereas no effects on egg composition were found at 42 wk of age. It was concluded that prenatal protein undernutrition triggered hens to relocate more energy towards growth and maintenance and less towards reproductive capacity.
INTRODUCTION
The continuing selection of broiler chickens for fast growth rate has resulted in a remarkable decrease in time to reach the desired commercial market weight. Broiler breeders should thus have the genetic potential for a fast and efficient growth of their progeny, while being capable to reproduce an acceptable number of eggs. The negative correlation between rapid growth and reproduction has led to a solution whereby broiler breeder feed intake is controlled to prevent excessive weight gain and to maintain their reproductive fitness, while having the genetic potential for rapid growth C 2018 Poultry Science Association Inc. Received October 12, 2017. Accepted January 23, 2018. 1 Corresponding author: Kasteelpark Arenberg 30 3001 Leuven, Belgium, +3216328525; E-mail: johan.buyse@kuleuven.be (Decuypere et al., 2010) . As appetite increases, feed restriction strategies can have a greater impact on bird welfare and animal integrity (Decuypere et al., 2010; De Jong and Guémené, 2011) . Therefore, broiler breeder research focused the last decade on increasing the daily feed allocation by diluting the diets (Savory and Lariviere, 2000; Hocking, 2006; Enting et al., 2007; Zuidhof et al., 2015) or reducing the crude protein (CP) levels of breeder diets (Joseph et al., 2000; Hocking et al., 2002; van Emous et al., 2013; Moraes et al., 2014; van Emous et al., 2015) . In addition, a higher feed allocation during the rearing period would facilitate a rapid and equal feed distribution, which could have a positive effect on the uniformity of the flock (van Emous et al., 2015) . Feeding broiler breeders less dietary CP during the laying period has a negative impact on the laying performance (Joseph et al., 2000; Lesuisse et al., 2017) . Commercial broiler breeding programs have a triangular structure that consists of 5 generations and 1651 whereby a change made in the small pure line population can have a larger impact on the much wider broiler generation (Leeson and Summers, 2000) . If maternal programming would occur on a higher generation and the effects would be transferable to the lower generation, it could be of tremendous economic importance. Hence, the interest of the present study was whether breeders descending from hens fed lower CP diets can cope better with a lower dietary CP level and overcome the negative consequences of low-protein breeder diets. In humans, prenatal nutritional constraints are known to program the offspring, resulting in an altered metabolic phenotype, characterized by an increased risk of developing chronic diseases such as obesity, hypertension, cardiovascular disease, and diabetes in later life (Roseboom et al., 2011; Tobi et al., 2014; Bleker et al., 2016) . The nutritional status in early life can thus have long-lasting effects in later life. Rodents and sheep are often used as models for multigenerational nutritional research and showed similar results as the epidemiological studies with humans (Bertram et al., 2000; Rae et al., 2002; Aerts and Assche, 2003; Zambrano et al., 2005; Burdge et al., 2006; Symonds et al., 2007) . In mammals, the fetus grows and develops inside the uterus and is therefore influenced by environmental stressors that are imposed on the mother. Hence, effects of maternal nutrition can have a direct nutritional effect on the fetus, but also hormonal effects caused by changes in the maternal endocrine status can influence the developing fetus. This makes it difficult for mammalian models to make a distinction between maternal and strictly nutritional effects. In birds, however, the embryo develops independently in the egg, and all nutrients are deposited in the egg at the time of lay. In both broiler breeders and laying hens, it is known that maternal nutrition can alter the egg composition and nutrients, such as algae and trace minerals can be deposited in the egg (Surai, 2000; Lemahieu et al., 2013; Koppenol et al., 2015) . Therefore, the objective of the present study was to investigate the effects of a reduction in dietary CP level in the F0 generation on the body composition and reproductive performance of F1 breeders. In the F0 generation, breeders were fed either a control (C) or reduced balanced protein (RP) diet. The female F0-progeny of each treatment were again divided over a C or RP diet, resulting in 4 treatments in the F1 generation: C/C, C/RP, RP/C, and RP/RP, this to investigate if the nutritional status of their parents can influence the current generation with a focus on breeder performance and thyroid and protein metabolism.
MATERIALS AND METHODS

Ethics
The present research was approved by the ethical commission for experimental use of animals of the KU Leuven under accession number P187/2013. 
Birds and management
The construction of the pedigree for this multigenerational research started with 2 dietary treatments in the F0 generation: a C group fed with standard C diets and a RP group fed with RP diets that had a 25% reduction in dietary CP and amino acids. The female F0-progeny of each treatment were again divided into a C or RP treatment, resulting in 4 treatments for the F1 generation ( Figure 1 ): C/C, C/RP, RP/C, and RP/RP (letters indicating the breeder feed in, respectively, the F0 and F1 generation). For the F0 generation, a total of 160 one-day-old Pure Line A female breeders was kept on either control or a RP diet from 3 wk onwards. Pure line A is a pure broiler breeder male line of a commercial breeding company at the A position of a 4-way cross that makes up a commercial broiler. The F1 generation was obtained by artificial insemination of the F0 breeders (Lesuisse et al., 2017) , following the protocol of Sexton (1977) . The semen was collected from standard fed breeder males. Hatching eggs of the C and RP F0 breeders were collected at 35 and 36 wk of age and incubated in a forced-draft incubator (PAS Reform incubator, Zeddam, The Netherlands). After cloacal sexing, 152 and 136 one-day old female hatchlings of, respectively, C and RP F0 breeders were obtained, wing-tagged, and distributed over 16 floor pens (1.5 m x 2 m), with 4 replicates per dietary treatment. The progeny of the C breeders were randomly divided over 8 pens and were fed either C or RP diets, resulting in the C/C and C/RP groups. Similarly, the female progeny of RP breeders were distributed over 8 pens and fed C or RP diets, resulting in the RP/C and RP/RP groups. The male progeny of F0 C breeders were kept and fed according to the Ross 308 breeder management guide (Aviagen, 2013) .
Light and temperature schedules were applied according to the management guidelines for a Ross 308 parent stock (Aviagen, 2013) . At 21 wk of age, the breeders were photostimulated, and light period was increased to 11L:13D. The photoperiod was further increased by 1 h extra light per wk until 13L:11D was reached at 23 wk of age. The birds were vaccinated according to the standard commercial vaccination procedures (Galluvet, Lummen, Belgium). 
Dietary treatments
The F1 generation was created by subdividing the F0 generation progeny into 4 groups: C/C, C/RP, RP/C, and RP/RP (Figure 1 ). In the first 3 wk, all groups received the same starter diet (Research Diet Service, Wijk bij Duurstede, The Netherlands), which was supplied ad libitum during the first 14 days. From 15 until 21 d, all birds were fed a controlled amount of this starter 1 diet. From d 21 onwards, the dietary treatment was applied, and the C/RP and RP/RP groups received a feed with a 25% reduction in dietary CP and amino acids (Table 1 ). The starter 2 diet was fed from 22 to 42 d, grower diet from 43 to 105 d, pre-breeder diet from 106 to 151d, and breeder diet from 152 d onwards. During the rearing period, feed allocations were adapted weekly to maintain a similar BW for all groups, as they were all kept on the same target body weight curve (Aviagen, 2013) . BW and egg production were the directives for calculating the daily feed allocation during the laying phase. Within each feeding phase, the C and RP diets were formulated isoenergetically and composed of the same raw materials. Fat percentage was similar in the C and RP diets, whereas protein was isoenergetically substituted by carbohydrates. The males were not subjected to any dietary treatment and were fed according to the breeder management guide (Aviagen, 2013) .
Data collection breeder trial
Body weight. Each wk, all breeders were individually weighed before the daily feeding time. The daily feed allocation for all groups was determined based on the weekly weighing data. The daily feed allowance was determined per group, so all pens within a group received the same amount of feed.
Body Composition. At 27 and 44 wk of age, 10 birds per treatment were euthanized following the EU regulations, by electrical stunning prior to decapitation. The breast muscle (BM) (both the pectoralis major and minor of the left side), abdominal fat pad (AF), liver, pancreas, oviduct, ovaria, stroma, and the largest yellow follicle were dissected and weighed. Additionally, the numbers of small (between 5 and 10 mm) and large (> 10 mm) yellow follicles were counted, and the largest follicle was weighed. The proportional tissue weights were calculated by dividing the absolute tissue weight by the live weight of the corresponding breeder.
Egg production. From the onset of lay onwards, eggs were collected daily and weighed individually. The eggs were classified into first-and second-class eggs. Second-class eggs were defined as double-yolked or shell-less eggs and were not used for egg weight or laying rate calculation. Laying rate in the first 2 wk of production was calculated from 24 and 25 wk of age.
Egg composition and quality At 27, 34, and 42 wk of age of the F1 breeders, egg composition and egg quality was determined on 20 eggs per treatment. The yolk, albumen, and eggshell of the eggs were separated and weighed. Proportional weights were calculated relative to the egg weight. The shell thickness was measured by using a micrometer at 3 places around the equator of the egg. At 27 and 34 wk of age, the albumen height was measured in Haugh units (HU) (Eisen et al., 1962) . At 27 wk of age, dynamic eggshell stiffness was measured following the protocol of Coucke et al. (1999) and Ketelaere et al. (2002) .
Blood collection and physiological measurements At 5, 10, 15, 20, 25, 30 , and 35 wk of age, 2 mL blood were collected from 10 birds per dietary treatment by puncture of the vena cutanea ulnaris. Blood samples were collected prior to feeding time. Afterwards, the whole blood was centrifuged for 15 min at 1,500 g at 4
• C to separate the plasma. Plasma 3,3',5-triiodothyronine (T 3 ) and thyroxine (T 4 ) concentrations were measured by radio-immunoassay as described by Darras et al. (1996) . The antisera for T 3 and T 4 were purchased from Byk-Belga (Brussels, Belgium), and the radioactivity in the precipitate was measured with a 1277 GammaMaster instrument (Pharmacia, Stockholm, Sweden). The total protein concentrations in the plasma were measured with a commercial kit (Protein quantification kit 51254; Honeywell Fluka, Morris Plains, NJ). The absorbance was measured at 540 nm with a VictorTM 1420 Multilabel counter (PerkinElmer, Waltham, MA). The plasma uric acid concentrations were determined with the uric acid liquid assay 1613 from Randox (Wülfrath, Germany), and the absorbance of the end product was measured at 520 nm with a Ultrospec III spectrophotometer (Pharmacia, Stockholm, Sweden).
Statistics
Egg weight, egg production, and egg and body composition were analyzed with the statistical software package SAS University (SAS Institute Inc., Cary, NC) using GLM with treatment, age, and their interaction as classification variables. The maternal dietary treatment effect of the F0 generation was analyzed using GLM with dietary treatment F0, dietary treatment F1, age, and their interaction as classification variables. When there was a significant effect of treatment, or interaction with age, means were further compared by a post-hoc Tukey's test. The plasma concentrations of the hormones and metabolites were analyzed using a GLM repeated measurements procedure of JMP pro 12 (SAS Institute Inc., Cary, NC) with age, treatment, and their interactions as classification variables. Data are presented as mean ± SEM. For each result, the significance level was set at P < 0.05.
RESULTS
Feed, protein, and energy intake
During the rearing phase, all female breeders were fed in such a way to obtain a similar body weight curve. In the laying period, however, both body weight and the daily egg production were the directives for the feed allowance calculations.
Rearing period. During the rearing period, the C/RP and RP/RP breeders needed an equal amount of RP feed to maintain a similar BW, and also the C/C and RP/C groups required an equal control feed allocation to reach the same BW targets. As the feed allocations for the C/C and RP/C groups on one hand and the C/RP and RP/RP groups on the other hand were the same, the feed intake of the breeders receiving control (C/C and RP/C) and RP (C/RP and RP/RP) diets in the F1 generation were pooled. The differences in feed allocation and net protein reduction between the groups receiving control and RP diets are shown in Figure 2A . The total feed intake and CP intake are presented in Table 2 . The RP fed groups needed a higher feed allocation to maintain a similar body weight as the control groups, with an increased energy intake as a consequence. Indeed, within each feeding phase, diets were formulated isoenergetically, so differences in feed allocation amounts correspond to a similar increase in Figure 2 . A) Feed allocation difference and net protein reduction during rearing phase between groups receiving control (C/C and RP/C) and RP (C/RP and RP/RP) diets in the F1 generation (letters indicating the breeder feed in, respectively, the F0 and F1 generations; C = Control diet, RP = Reduced balanced protein diet). The protein reduction is the net protein reduction that takes the feed allocation and dietary crude protein level into account. B) Daily feed allocation differences during the laying phase of C/RP, RP/C, and RP/RP breeders compared to C/C breeders. C) Daily net protein reduction during the laying phase of C/RP, RP/C, and RP/RP breeders compared to C/C breeders. energy intake of the RP groups. The daily net protein reduction was calculated by taking both the protein reduction (-25%) of the RP feed and the difference in feed allocation into account. At 10 wk of age, the RP diet fed groups needed a 13% higher feed allocation to maintain a similar BW, resulting in a 15% reduction in daily protein intake. At 10 wk of age, the total feed intake was 2,586 g and 2,926 g for, respectively, the control or RP fed breeders, corresponding with a cumulative CP intake of 402 g and 357 g. At 22 wk of age, C/C and RP/C breeders consumed 1,323 g of protein, whereas C/RP and RP/RP breeders had a cumulative protein intake of 1,170 g. The control fed breeders had a total feed intake of 8,876 g, whereas RP fed breeders needed 10,280 g to reach the same body weight at 22 wk of age.
Laying period. Contrary to the rearing phase, in which groups receiving, respectively, control and RP diets in the F0 generation had an equal feed allocation, the daily feed allocation in the laying phase was different for all groups, as the laying performance differed. The RP/C breeders had a lower daily feed allocation ( Figure 2B ) compared to the C/C breeders, resulting in a net protein reduction of 6% from 32 wk of age onwards ( Figure 2C ). The breeders receiving RP diets in the F1 generation had a higher feed allocation compared to the C/C breeders ( Figure 2B ). The C/RP breeders had on average a 15% reduction in daily protein intake, whereas RP/RP breeders had on average a 17% reduction in daily protein intake. At 41 wk of age, the cumulative protein intake of the C/C, C/RP, RP/C, and RP/RP breeders was, respectively, 3,834 g, 3,218 g, 3,664 g, and 3,206 g. The feed allocation of breeders that received RP diets in the F0 generation (RP/C and RP/RP) was lower compared to the progeny of their control fed counter parts (respectively, C/C and C/RP) (P < 0.001).
Egg production
Laying performance. The laying performance was influenced by dietary treatment (P < 0.001), age (P < 0.001), and their interaction (P = 0.034) (Figure 3) . At 26, 28, 29, and 32 wk of age, C/C breeders had a significantly higher laying rate compared to C/RP, RP/C and RP/RP breeders, which were similar in this respect. However, no differences among the treatments were observed in the first 2 wk of the laying period (Table 3 ). The egg production of C/C breeders reached peak production at 31 wk and decreased slightly towards the end of the experiment (40 wk). In contrast, the egg production of C/RP, RP/C, and RP/RP breeders increased until the end of the experiment. At 34 wk of age, the RP/C breeders had a significantly lower laying rate compared to the C/C breeders, while the C/RP and RP/RP group had intermediate values. From 35 wk onwards, the laying rate did not differ among the dietary treatments (Figure 3) . The total number of eggs produced from 24 until 40 wk of age was highest for C/C breeders, whereas RP/C breeders had the lowest number of eggs (Table 3 ). The laying performance of breeders receiving the RP diets in the F0 generation was significantly reduced compared to their control fed counterparts (P < 0.001).
Egg weight. The egg weight was affected by the dietary treatment (P = 0.001), age (P < 0.002), and their interaction (P = 0.039) (Figure 4) . Eggs from breeders receiving RP diets in the F1 generation (C/RP and RP/RP groups) were lighter compared to eggs of breeders receiving control diets (C/C and RP/C) (P < 0.001), whereas no effect of the dietary treatment in the F0 generation was observed. At 40 wk of age, eggs from the C/RP and RP/RP groups weighed on average, respectively, 66.5 ± 0.4 g and 66.2 ± 0.6 g, whereas average egg weight of the C/C and RP/C groups was, respectively, 67.5 ± 0.4 g and 68.5 ± 0.5 g. . Daily egg production of the C/C, C/RP, RP/C, and RP/RP breeders (letters indicating the breeder feed in, respectively, the F0 and F1 generations; C = Control diet, RP = Reduced balanced protein diet) summarized in a weekly overview from 24 until 40 wk of age. Asterisks indicate significant differences (P < 0.05) among the treatments at a particular age (N = 4). Table 3 . Effect of dietary CP level during rearing and laying phases of C/C, C/RP, RP/C, and RP/RP breeders (letters indicating the breeder feed in, respectively, the F0 and F1 generations; C = Control diet, RP = Reduced balanced protein diet) on age of first egg, laying rate in the first 2 wk of production (24 to 25 wk of age), total number of eggs per hen from 24 to 40 wk of age, egg mass from 24 to 40 wk of age, percentage of second-grade eggs from 24 to 40 wk of age, and on fertility and hatchability of eggs collected at 30 and 31 wk of age. 
Egg Composition
The egg composition was influenced by the dietary treatment in the F1 generation (Table 4 ). The absolute albumen weight showed an effect of treatment (P = 0.001), age (P < 0.001), and their interaction (P = 0.031). The proportional albumen weight was characterized by an age effect (P < 0.001) and an interaction of age and dietary treatment (P = 0.001). At 27 wk of age, the absolute albumen weight was similar for all groups. However, at 34 and 42 wk of age, the absolute albumen weight was significantly lower for breeders of the C/RP and RP/RP groups compared to their control fed counterparts. At 27 wk of age, the proportional albumen weight of C/C breeders was significantly lower compared to that of the C/RP breeders. In contrast, at 34 wk of age, breeders receiving RP diets in the F1 generation had significantly lower proportional albumen weight in comparison with breeders receiving the control diets. However, at 42 wk of age, no differences were observed among the dietary treatments. No differences were found in albumen quality as HU were similar for all groups (data not shown). At 27 wk of age, both the absolute and proportional yolk weights were significantly higher for eggs from C/C breeders compared to those of C/RP breeders (P = 0.022). No differences in either absolute or proportional yolk weights were observed from 34 wk onwards. The eggshell quality of all groups was similar, as no differences were found in proportional shell weight, eggshell thickness, or the dynamic strength of the shell (data not shown).
Body composition
The proportional BM weight was affected by dietary treatment (P = 0.001), and there was an interaction of dietary treatment and age (P < 0.001) ( Table 5) . At 27 wk of age, the proportional BM weights were significantly lower for the C/RP and RP/RP breeders compared to the proportional BM weights of the C/C and RP/C birds (P = 0.001). Whereas at 44 wk of age, no differences in proportional BM weight were observed among the groups. At 27 and 44 wk of age, breeders receiving RP diets in the F1 generation had a significantly higher proportional AF weight compared to their control fed counterparts (P < 0.001). In all groups, the AF weight increased with age (P = 0.001). The proportional liver weight of C/RP and RP/RP breeders was significantly higher compared to C/C and RP/C birds (P < 0.001). The proportional pancreas weight showed an effect of dietary treatment (P < 0.001) and age (P < 0.001), with no interaction effect present. The breeders of the RP/C and RP/RP groups had a significantly lower proportional pancreas weight compared to the C/C and RP/C breeders. The proportional pancreas weights decreased with age. The proportional weights of the reproductive organs were not affected by dietary treatment (data not shown).
Physiological plasma measurements
Plasma total protein concentrations. The plasma total protein concentrations were influenced by dietary treatment (P <0.001), age (P < 0.001), and their interaction (P < 0.001). The total protein concentrations in the plasma at 5, 10, 15, 20, 25, 30 , and 35 wk of age are shown in Figure 5 . At 5 wk of age, plasma total protein concentrations were significantly higher in Table 4 . Egg composition and egg quality of the C/C, C/RP, RP/C, and RP/RP breeders (letters indicating the breeder feed in, respectively, the F0 and F1 generations; C = Control diet, RP = Reduced balanced protein diet) measured at wk 27, 34, and 42 (N = 20 Table 5 . Body composition (breast muscle and abdominal fat pad) and organ weights (liver and pancreas) of C/C, C/RP, RP/C, and RP/RP breeders (letters indicating the breeder feed in, respectively, the F0 and F1 generations; C = Control diet, RP = Reduced balanced protein diet) at 27 and 44 wk of age (N = 10). the RP/C and RP/RP groups compared to the C/RP group, whereas the C/C group had intermediate values.
In contrast, at 10, 15, and 20 wk of age, the total protein concentrations in the plasma were significantly lower for the C/RP and RP/RP breeders compared to their control fed counterparts. However, from 25 wk onwards, no differences in total plasma protein concentrations could be observed. Plasma uric acid concentrations. The uric acid concentrations in the plasma were affected by dietary treatment (P < 0.001), age (P < 0.001), and their interaction (P = 0.034). The age-dependent changes in plasma uric acid concentrations are shown in Figure 6 . At 15 wk of age, uric acid concentrations in the plasma of C/C breeders were significantly higher compared to that of C/RP, RP/C, and RP/RP breeders, whereas the plasma uric acid concentrations of the C/RP and RP/RP breeders were significantly lower compared to those of the RP/C birds. At 20 and 25 wk of age, the plasma uric acid concentrations of the C/RP and RP/RP groups were significantly lower in comparison with the C/C and RP/C groups. No differences in plasma uric acid levels among the 4 groups could be found at 30 wk of age. However at 35 wk of age, C/C breeders had significantly increased uric acid concentrations in the plasma compared to those of C/RP breeders, while RP/C and RP/RP birds had intermediate values.
Plasma T 3 and T 4 concentrations. During the entire experimental period, C/RP and RP/RP breeders were characterized by significantly (P < 0.001) increased T 3 concentrations in the plasma compared to their control fed counterparts (Figure 7) . The plasma T 3 concentrations increased from 5 to 10 wk of age and decreased from 10 wk of age onwards (P < 0.001). The concentrations of the prohormone T 4 , were significantly affected by dietary treatment (P = 0.024) and the interaction of dietary treatment and age (P < 0.001). At 5 and 10 wk of age, the C/RP and RP/RP groups had significantly lower plasma T 4 concentrations compared to those of the C/C and RP/C groups (Figure 8 ). From 15 wk of age onwards, no differences in T 4 concentrations in the plasma were observed.
DISCUSSION
The objective of the present study was to investigate the multigenerational effects of a reduction in dietary CP level in both rearing and laying phases of broiler breeders and whether a match or mismatch in maternal feed influences the breeder performance of the progeny. In the F0 generation breeders were fed either a C or RP diet. The female F0-progeny of each treatment were again divided over a control or RP diet, resulting in 4 treatments in the F1 generation: C/C, C/RP, RP/C, and RP/RP (letters indicating the breeder feed in, respectively, the F0 and F1 generations).
The body composition of the F1 breeders was clearly altered by the dietary treatment in the F1 generation. At 27 and 42 wk of age, both the C/RP and RP/RP breeders had a significantly higher proportional AF and liver weight. As there were no differences between the C/C and RP/C groups and between the C/RP and RP/RP groups, it can be concluded that no multigenerational effects of the dietary treatment in the F0 generation on body composition were present. The variations in body composition were thus predominantly a direct consequence of the dietary treatment in the F1 generation. The increased proportional AF weight of the C/RP and RP/RP breeders is in accordance with previous studies in which a reduction in dietary CP levels resulted in an increased fat mass (Spratt and Leeson, 1987; van Emous et al., 2013 van Emous et al., , 2015 . The increased AF weight in the RP fed breeders could be induced by the higher energy intake (Collin et al., 2003a; De Beer et al., 2007; Mohiti-Asli et al., 2012) .
The lower laying performance of C/RP breeders compared to C/C breeders in the early laying phase is in accordance with the studies of Joseph et al. (2000) and Hocking et al. (2002) but in contradiction to the findings of van Emous et al. (2015) . The discrepancies between these published results could be explained by differences in severity of the CP reduction and the period when the maternal dietary treatment was applied. Hocking et al. (2002) reported a reduced laying rate when breeders were fed a grower diet with only 10% dietary CP, while van Emous et al. (2015) decreased the dietary CP level of the grower diet to 12.8%. However, in the study by Joseph et al. (2000) and the present study, the reduction in dietary CP levels were applied during the laying phase, whereas van Emous et al. (2015) and Hocking et al. (2002) imposed the dietary treatment during the rearing phase. Joseph et al. (2000) reported a decrease in early and late stage egg production when birds were fed a lowprotein diet during the laying phase, but C diets in the rearing period. The absence of differences between the RP/C and RP/RP groups concerning the laying performance could point out that a match in maternal poor and offspring poor nutrition did not prepare the female offspring to cope better with low-protein diets. However, the match-mismatch theory is already reported by van der Waaij et al. (2011) to occur between breeders and broilers, in which male broilers from ad libitum fed breeders had an increased growth rate at 6 wk of age. It is important to note that broiler breeders are fed in a controlled way and are therefore limited in their growth and metabolic potential.
The reduced laying performance in the early production phase and decreased number of eggs per hen of RP/C breeders compared with C/C breeders and to a lesser extent of the RP/RP breeders compared to that of the C/RP breeders is in agreement with literature from laying hens (Willems et al., 2013) and sheep (Rae et al., 2002) . Indeed, Rae et al. (2002) showed that prenatal undernutrition reduced ovulation rate in female ewes. However, in our study no differences were observed in the reproductive organs and the amount of small and large yellow follicles between the progeny of C and RP fed breeders in the F0 generation. Willems et al. (2013) reported a decreased laying rate of ISA Brown laying hens after partial albumen removal at d 1 of incubation. This model corresponds with our study, as eggs of breeders fed RP diets in the F0 generation had a reduced proportional albumen weight. It was hypothesized by Willems et al. (2013) that prenatal protein undernutrition triggered birds to relocate more energy towards growth and maintenance and less towards reproductive capacity. Indeed, in our study, RP/C breeders needed a lower feed allocation as C/C breeders to maintain a similar body weight in the laying phase. This phenomenon also could be observed between the C/RP and RP/RP breeders, although to a lesser extent, as the laying rate was numerically lower only for RP/RP breeders, and the difference in feed allocation during the laying phase was smaller. Therefore, it could be hypothesized that prenatal albumen reduction, induced by the dietary treatment in the F0 generation, decreases the laying performance of the F1 generation.
The age-related alterations in egg composition were not similar for all groups. At 27 wk of age, eggs of the C/RP breeders were characterized by an increased proportional albumen weight and a reduced proportional yolk weight compared to that of C/C breeders. This observation is in contradiction with literature (Naber, 1979; Spratt and Leeson, 1987; Lopez and Leeson, 1995) and our findings in the F0 generation (Lesuisse et al., 2017) . It is hypothesized that egg composition was measured too early in the laying phase, as a production rate of only 20% was achieved by the C/RP birds. However, at 34 wk of age, the eggs of C/RP and RP/RP breeders showed a reduced proportional albumen weight, while no effect on the proportional yolk weight was observed. In contrast, no effects on egg composition could be found at 42 wk of age. Spratt and Leeson (1987) also reported a decreased proportional albumen weight for breeders fed low-protein diets at 32 wk, but not at 28, 36, or 40 wk of age. The alterations observed in our experiment are not in line with our finding in the F0 generation (Lesuisse et al., 2017) , in which a consistent reduced proportional albumen weight was found in eggs of RP fed breeders. These different results could be a consequence of a higher egg weight after peak production in the F1 generation, as larger eggs contain proportionally more albumen (Nangsuay et al., 2011) . The egg weight of the F1 breeders at 40 wk, on average 66.5 g, was indeed higher compared to the performance objectives (Aviagen, 2011) and our observations of the F0 generation, on average 61.1 g. This was probably a consequence of a lower laying rate in comparison with the F0 generation.
Feed allocations were weekly adapted to maintain a similar body weight for all groups throughout the entire experiment, as body weight is a major factor for influencing breeder performance. During rearing phase, dietary treatment in the F1 generation predominantly affected the daily feed allocations, as the C/C and RP/C breeders on one hand and the C/RP and RP/RP breeders on the other hand needed an equal feed allowance to reach their body weight goals. Furthermore, the dietary treatment also affected the feed level in the laying phase, as C/RP and RP/RP breeders required a higher feed allocation to reach the same body weight targets as their control fed counterparts. This observation is in accordance with literature, as a reduction in dietary CP level will require a higher daily feed allocation to maintain a similar body weight Figure 8 . Plasma T 4 concentration of the C/C, C/RP, C/RP, and RP/RP groups (letters indicating the breeder feed in, respectively, the F0 and F1 generations; C = Control diet, RP = Reduced balanced protein diet). a,b: Different letters indicate significant differences among treatments at a particular age (P < 0.05) (N = 10). (Lilburn and Myers-miller, 1990; Miles et al., 1997; Hudson et al., 2000; Hocking et al., 2002; van Emous et al., 2013 van Emous et al., , 2015 . However, the feed allocations in the laying phase also were affected by the dietary treatment in the F0 generation and thus point out a maternal effect of the diets of the F0 generation. It was postulated that prenatal protein undernutrition triggered birds to relocate more energy towards growth and maintenance and less towards reproductive capacity. Indeed, groups that received RP diets in the F0 generation, namely, RP/C and RP/RP, required a lower feed allowance and had a lower laying performance compared to C/C and C/RP groups, suggesting their main priority was body maintenance and not reproduction.
Several mammalian models exist to investigate maternal undernutrition, the consequent transgenerational effects, and the underlying epigenetic mechanisms. In mammals, the fetus grows and develops inside the uterus and is therefore influenced by environmental stressors that are imposed on the mother during pregnancy/gestation. In birds, however, the embryo develops independently in the egg, and all nutrients are deposited in the egg at the time of lay. The dietary treatment imposed on the breeders of the F0 generation induced a proportional albumen reduction in the eggs of the RP fed breeders, resulting in a reduced protein amount available for the developing embryo (Lesuisse et al., 2017) . It can therefore be concluded that the progeny of the RP fed F0 breeders had a prenatal albumen undernutrition compared to the progeny of the C fed F0 breeders and thereby influenced the performance of the RP/C and RP/RP breeders, but endocrine effects cannot be excluded, as the hen deposits several hormones in the egg (mainly in the yolk).
It was shown that RP fed breeders needed a higher feed allowance, and thus energy consumption, to maintain a similar body weight as the C fed breeders. There are 3 ways to counteract this overconsumption of energy: increased heat production, increased fat retention, or a combination of both. Breeders fed RP diets in the F1 generation were characterized by higher plasma T 3 concentrations and an increased AF. In addition, feeding broiler breeders RP diets during the rearing phase increased their heat production at 23 wk of age (unpublished data). The results of our study thus suggest that broiler breeders counteract the overconsumption of energy by a combination of increased fat retention and an elevated heat production. It was suggested by Collin et al. (2003b) that T 3 interacts with the thermoregulatory mechanisms in birds by stimulating heat production and may well be the causative factor for the observed increase in metabolic rate of chickens reared on a low-protein diet. The lower plasma T 4 concentrations at 5 and 10 wk of age are then probably a consequence of an enhanced negative feedback of the high circulating T 3 concentrations on thyrotropinreleasing hormone or thyroid-stimulating hormone or both (Buyse et al., 2001) .
At 10, 15, and 20 wk of age and irrespective of the nutritional history of the respective F0 hens, total protein concentrations in the plasma of RP fed F1 breeders were significantly lower than those of their C fed counterparts. It seems acceptable that a substantial reduction in net protein uptake will negatively affect the amount of protein in the circulatory system (Hernández et al., 2012) . At 5 wk of age, however, the RP/RP breeder pullets also maintained high plasma total protein concentrations. It is tempting to suggest that this may be the result of carry-over effects of the nutritional status of their mothers (maternal protein undernutrition). The absence of differences in plasma total protein concentrations during the laying period may be due to the overall higher feed allocation and alterations in net protein intake or changed resource allocations between BW maintenance and reproduction efforts, again suggesting that breeders fed RP diets in the F1 generation prioritize body maintenance and not reproduction. From 15 to 25 wk of age and regardless of the nutritional status of F0 hens, F1 breeders fed the RP diet were characterized by significantly lower plasma uric acid levels compared to those of their C fed counterparts. In birds, uric acid is the end product of nitrogen metabolism (Sturkie, 2000) . This observation clearly indicates that these hens act very sparingly with their protein by reducing amino acid oxidation. The sparing effect of low-protein diets on amino acid oxidation is in agreement with Swennen et al. (2007) . During the first part of the rearing period, however, no group differences in plasma uric acid levels could be observed, again suggesting possible initial/transient carry-over effects as already inferred for plasma protein levels. Also, similarly as for protein, plasma uric acid levels increased substantially during the laying period, and group differences were less obvious, corroborating the hypothesis of resource reallocation depending on the physiological status of juvenile and growth vs. adult and reproduction.
CONCLUSION
Feeding broiler breeders RP diets, irrespective of diets in the F0 generation, decreased laying performance and egg mass output and influenced egg composition. The maternal nutrition imposed on the F0 generation and the associated reduced proportional albumen weight of eggs produced by the RP breeders induced the differences between the C/C and RP/C groups on one hand and the C/RP and RP/RP on the other hand. The performance and feed intake of breeders of birds fed RP diets in the F0 generation, irrespective of diets in the F1 generation, were altered, suggesting that maternal and prenatal protein undernutrition triggered breeders to relocate more energy towards growth and maintenance but less towards reproduction.
